We present a dust extinction A V map of the Large Magellanic Cloud (LMC) in the H I ridge region using the IRSF near-infrared (IR) data, and compare the A V map with the total hydrogen column density N (H) maps derived from the CO and H I observations. In the LMC H I ridge region, the two-velocity H I components (plus an intermediate velocity component) are identified, and the young massive star cluster is possibly formed by collison between them. In addition, one of the components is suggested to be an inflow gas from the Small Magellanic Cloud (SMC) which is expected to have even lower metallicity gas (Fukui et al. 2017, PASJ, 69, L5). To evaluate dust/gas ratios in the H I ridge region in detail, we derive the A V map from the near-IR color excess of the IRSF data updated with the latest calibration, and fit the resultant A V map with a combination of the N (H) maps of the different velocity components to successfully decompose it into the 3 components. As a result, we find difference by a factor of 2 in A V /N (H) between the components. In additon, the CO-to-H 2 conversion factor also indicates difference between the components, implying the difference in the metallicity. Our results are likely to support the scenario that the gas in the LMC H I ridge region is contami-1 nated with an inflow gas from the SMC with a geometry consistent with the on-going collision between the two velocity components.
Introduction
The Large Magellanic Cloud (LMC) is the galaxy closest to us, which enables us to perform spatially well-resolved studies of the interstellar medium (ISM) in external galaxies. The LMC is also known to be a nearly face-on galaxy (i ∼ 35
• ; van der Marel & Cioni 2001), allowing us to discuss stellar and gas distributions in almost two dimensions. In addition, the LMC has a low-metallicity, Z ∼ 0.3-0.5 Z ⊙ (Westerlund 1997) , a typical value of the ISM at redshift z ∼ 1.5 (Pei et al. 1999) , around which epoch the Universe experienced the most active phase of star formation in galaxies. Thanks to these characteristics, the LMC is an excellent laboratory for studying star formation and evolution in low-metallicity environments.
A recent study suggested that the formation of the young massive cluster R136 in the LMC was triggered by the collision of H I clouds (Fukui et al. 2017) . They identified twovelocity H I components and found the bridge features connecting the two components, which is the evidence for the collision between them. They also compared the H I intensity with the optical depth of the dust emission derived from the Planck/IRAS data, and found that the ratio of the H I intensity to the dust optical depth in the H I ridge region is different from that outside the H I ridge region. They suggested that the gas in the LMC H I ridge region may be mixed with an inflow gas from the Small Magellanic Cloud (SMC) which is known to have even lower metallicity gas, based on the result of the numerical simulation (Bekki & Chiba 2007) .
Hence, the massive star formation in the LMC is possibly triggered by the interaction between the galaxies, and thus it is important to investigate the dust/gas ratios in the LMC to prove this scenario. As a method to estimate the dust abundance, the interstellar dust extinction is useful, because it does not depend much on physical conditions of dust, such as the dust temperature, although it has no information on the velocity of the ISM.
The methods of measuring the interstellar dust extinction have so far been developed by many authors in the past. The near-infrared (IR) color excess (NICE) method suggested by Lada et al. (1994) derived the dust extinction with the H −K color excess and was proven to be a valid method of mapping the dust extinction. The NICER (NICE revised) method developed by Lombardi & Alves (2001) combined the J − H and H − K colors for deriving the dust extinction. Furthermore, "X percentile method" is suggested by Dobashi et al. (2008) . In this method, the color excess was estimated more precisely than in the NICE and NICER methods owing to elimination of galactic foreground stars and intrinsically red stars such as young stellar objects (YSOs) and asymptotic giant branch (AGB) stars. By using these methods, the extinction maps of the LMC were constructed on the basis of the Two Micron All Sky Survey (2MASS) point source catalog (e.g., Imara & Blitz 2007; Dobashi et al. 2008) .
In this paper, we update the dust extinction map of the LMC in the H I ridge region to discuss the dust distribution in the multiple cloud components of different velocities revealed by CO and H I observations (Fukui et al. 1999; Kim et al. 2003) .
2 The data and the derivation of the extinction map 2.1 IRSF data Kato et al. (2007) presented a near-IR (J, H, and K S bands) photometric catalog for the Magellanic Clouds obtained with the SIRIUS camera on the InfraRed Survey Facility (IRSF)
1.4 m telescope at the South African Astronomical Observatory (hereafter the IRSF catalog), the 10 σ limiting magnitudes of which are 18.8, 17.8, and 16.6 mag in the J, H, and K S bands, respectively. As the limiting magnitudes of the IRSF catalog are about 3 magnitudes deeper than those of the 2MASS point source catalog, the stellar number density is expected to be about 6 times higher in the LMC. Therefore, we adopted the IRSF catalog to make an extinction map toward the LMC with a finer resolution than the previous dust extinction maps from the near-IR color excess presented by Imara & Blitz (2007) and Dobashi et al. (2008) .
However, we found a systematic photometric error in the existing IRSF catalog; an extinction map using the IRSF catalog shows a grid structure that delineates the observed frames. Comparing the J, H, and K S bands magnitudes of the IRSF sources with the 2MASS
J, H, and K S bands magnitudes, we consider that the flat-field correlation is likely inaccurate for the IRSF catalog, because the magnitude difference maps on the pixel coordinates show a clear increase near every edge of the array for all the bands. This is presumably due to the reflection of the incident twilight sky illumination inside the IRSF/SIRIUS camera, since the reflection violates the assumption that the twilight sky illumination is uniform.
To solve this problem, we made a large grid on the magnitude difference map and computed the median for each grid. As a result, we obtained a flux bias pattern with a maximum of 0.05 mag for each band. The flat-field image was then corrected with the resultant 3 flux bias pattern for each band. We re-reduced the raw data of the IRSF Magellanic Cloud survey with the corrected flat-fielding images and updated the J, H, and K S bands magnitudes of the catalog. We selected data from the catalog on the basis of the following criteria: (1) the photometric uncertainty is smaller than 0.11 mag, corresponding to S/N≥ 10 in all the bands;
(2) the "quality flag" in the original catalog describing the shape of sources is 1 in all the bands, representing "point-like"; and (3) the number of combined dithered images is larger than 8 in all the bands.
Derivation of the dust extinction map
We estimate the dust extinction on the basis of the NICER method (Lombardi & Alves 2001 ).
In our study, we estimate the color excess by measuring the difference between the observed color and the intrinsic color derived from Bessell & Brett (1988) on a color-color diagram (CC diagram). These intrinsic and observed colors are converted into the Johnson system according to the conversion equations suggested by Nakajima et al. (2005) and Elias et al. (1985) . Hereafter, we present all the magnitudes and colors in the Johnson system. Dobashi et al. (2008) pointed out that the reddening law given by Cardelli et al. (1989) represents the observed colors in the LMC better than that given by Rieke & Lebofsky (1985) which is adopted in the NICER method. Therefore, we obtain the color excess assuming the reddening law by Cardelli et al. (1989) which is determined by the near-IR photometry in the Johnson system.
We need to eliminate foreground stars contaminating the selected sources, because the color excess is estimated by assuming that all the stars are located behind dark clouds. In order to eliminate such foreground stars, we first identify stellar populations by a color-magnitude diagram (CM diagram). Figure 1 shows the CM diagram (J − K vs. K) in our selected data.
The loci of the main sequence (MS) and the red giant branch (RGB) stars in the LMC at the distance moduli of 18.5 (Alves 2004) are also plotted in this diagram, where we can recognize three structural components defined as "CM1" to "CM3" by Kato et al. (2007 ). Nikolaev & Weinberg (2000 identified stellar populations, using the CM diagram of the LMC data from the 2MASS point source catalog. Comparing "CM1" to "CM3" with the 12 components designated as "A" to "L" by Nikolaev & Weinberg (2000) , Kato et al. (2007) suggested that "CM1", "CM2", and "CM3" primarily indicate MS (corresponding to "A"), RGB ("E", "F", "G"), and Galactic forground stars ("B"), respectively. Following the procedure by Nikolaev & Weinberg (2000) , we define regions "CM1" to "CM3" in the CM diagram in figure 1 . In order to determine the boundary between "CM2" and "CM3", we fitted a linear function to the Second, we calculate the centroid positions of the RGB stars falling into a spatial bin and its color excess by measuring the difference between the centroid positions of RGB stars and the intrinsic color derived from Bessell & Brett (1988) on the CC diagram as shown in figure 2c . Here, it should be noted that the color excess thus estimated to the LMC would be more or less underestimated unless all the RGB stars are located in the background of the clouds. However, that geometry is expected in some particular areas of the H I ridge region, as will be discussed later.
Assuming the reddening law suggested by Cardelli et al. (1989) , we have
and
where E(J −H) and E(H −K) are the color excess of the J −H and H −K colors, respectively.
From equations (1) and (2), E(J − H)/E(H − K) is estimated to be 1.2. Thus, along with the reddening vector with a slope of 1.2, we finally estimate the dust extinction from the separation length between the intrinsic and observed colors of RGB stars on the CC diagram.
When there are no available RGB stars or intersection between the reddening vector and the intrinsic color of RGB stars in a spatial bin, "not a number" is assigned to the corresponding bin. In the final procedure, we apply a median filter with the kernel size of 1. ′ 6 to the dust extinction map so that the bins where "not a number" is assigned are given the median of the surrounding bins. Figure 3 shows the histogram of the number of the RGB stars, N, included in each pixel of 1. ′ 6×1. ′ 6, where the averaged star density is 44. We calculate the uncertainties of A V , using the data in each individual pixel. Based on the observed σ J−H and σ H−K with N stars, we perform a Monte-Carlo simulation to estimate the error of A V per pixel, δA V , by repeating the simulation 100 times under the assumption that the star colors follow the 2-dimensional Gaussian distribution in the CC diagram. 
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We compare the dust extinction map with that derived by Dobashi et al. (2008) . Figure   5a shows the dust extinction map of Dobashi et al. (2008) using the 2MASS catalog for the same region. As can be seen in the figures, although the global distributions are similar, we can recognize local systematic differences in the molecular ridge and CO Arc regions. The differences are most probably caused by the difference in the method of deriving A V ; we consider the intrinsic colors of several spectral types of the RGB stars, while Dobashi et al. (2008) used one intrinsic color in their reference field. In the latter case, late-type stars such as M giants can accidentally be regarded as reddened stars. On the other hand, Dobashi et al. (2008) managed to remove stars located on the near side of extinction sources with the X percentile method selecting the stars in the range [X 0 , X 1 ] percentile, while we do not apply the X percentile method due to insufficient statistics in the numbers of the RGB stars included in a smaller bin size (section 2.2). In order to verify this, we create the dust extinction map following the same method as in Dobashi et al. (2008) with the range [X 0 , X 1 ]=[80, 95]% using the IRSF catalog.
The resultant map is displayed in figure 5b, which indeed shows an excellent agreement with figure 5a. A comparison is also made on the errors of A V between our A V map (figure 4) and that from Dobashi et al. (2008) . After re-gridding our A V map to the same angular resolution as theirs (2. ′ 6×2. ′ 6), the errors in our A V map are found to distribute in a range of 0.2-0.5 mag, while those in Dobashi et al. (2008) are reported to be 0.4-0.7 mag. The improvement is smaller than expected from the fact that the limiting magnitude of IRSF is 3 magnitudes deeper than the 2MASS data used by Dobashi et al. (2008) . However, this will be explained by the difference in the method of deriving A V , again; we use only RGB stars, while they used all the stars with the X percentile method. In the following result and discussion, we use the dust extinction map shown in figure 4, because our map is less affected by the assumption of the intrinsic color. As will be discussed later, a significant fraction of the clouds associated 8 with the H I ridge region is likely to be in front of the LMC disk so that we expect that the X percentile method would not change our conclusion significantly. Lee et al. (2015) created the A V map from the Herschel far-IR dust continuum data and compared it with that from Dobashi et al. (2008) . They found that A V in the Herschel A V map is about 1.6 times higher than that from Dobashi et al. (2008) systematically with a large scatter, although an overall spatial distribution is similar to each other. They concluded that the large scatter is likely to be caused by the local geometry of the gas. Comparing our A V map with the Herschel A V map, we also confirm that the result is almost the same as the previous study; an overall structure is quite similar, while some local differences are seen, for example, in the "CO Arc" region around (α, δ) J2000.0 = (5 h 46 m , −69
• 40 ′ ). In principle, far-IR-based A V maps trace the total dust column densities along the lines of sight, while near-IR-based A V maps selectively trace the dust column densities only in front of the background stars, and thus they would provide different information on the dust distribution complementary to each other. As will be shown later, the feature of the near-IR-based A V maps is particularly useful for the geometry suggested by Fukui et al. (2017) .
Gas tracer
As an atomic gas tracer, we use the H I velocity-integrated intensity maps derived by Fukui et al. (2017) , where the Australia Telescope Compact Array (ATCA) and Parkes H I 21 cm data (Kim et al. 2003) As a molecular gas tracer, we use the rotational transitions of 12 CO (J =1-0) observed with the NANTEN 4 m telescope located at Las Campanas Observatory in Chile (Fukui et al. 1999 ). The half-power beam width of the telescope is 2. ′ 6, and the velocity resolution is 0.65 km s −1 . The CO integrated intensity map is separated into L-, I-, and D-components according to the above velocity ranges of the H I integrated intensity maps.
We convert the H I integrated intensity into the H I column density by using the conversion factor, X H I = 1.82 × 10 18 cm −2 /(K km s −1 ) (Dickey & Lockman 1990) . CO can be used to trace H 2 ; the CO-to-H 2 conversion factor, X CO , can be obtained by assuming that the molecular clouds are gravitationally in equilibrium. To estimate the H 2 column density, we adopt X CO = 7 × 10 20 cm −2 /(K km s −1 ) which is the averaged CO-to-H 2 conversion factor in the LMC derived by Fukui et al. (2008) . We reduce the spatial resolution of the H I column density maps to be the same as that of the CO maps at a resolution of 2. ′ 6, and calculate the total gas column density N(H) as
where N(H I) and N(H 2 ) are the H I and the H 2 column densities, respectively. We calculate N(H) of each of the L-, I-, and D-components. Figure 6 shows comparison of the dust extinction map whose angular resolution is reduced to be 2. Here and hereafter, the uncertainties associated with the free parameters are estimated by the formal regression errors using the errors on A V . The constant component C is estimated to be 0.31 ± 0.01 mag, while Dobashi et al. (2008) showed that the Galactic extinction towards the LMC is A V ≃ 0.2 mag. Thus, C is likely attributed to the Galactic foreground extinction. The χ 2 values divided by the degrees of freedom (χ 2 /dof) is 4666.03/3943, which indicates that the fit is not acceptable for a 90% confidence level (i.e., χ 2 /dof < ∼ 1.13 is required for dof > ∼ 200). Comparing the residual extinction map after subtracting the model-predicted A V with N(H 2 ) of the I-component, we find that the region showing the negative residual coincides with the N(H 2 ) distribution of the I-component and therefore the X CO factor of the I-component is likely to be over-estimated. Thus, to improve the reduced χ 2 , we perform the linear regression with the following equation, allowing the X CO factor of the I-component to vary,
Correlation results
where W CO is the integrated CO intensity of the I-component, and x is a free parameter corresponding to X CO of the I-component. In order to verify whether or not the new free parameter X CO improves the fit significantly, we perform an F-test and calculate an F-test probability. We adopt the threshold of the F-test probability smaller than 0.10, which indicates that the newly-introduced free parameter improves the fit for a 90% confidence level.
As a result of the linear regression of equation (5), the χ 2 /dof value is reduced from 4666.03/3943 to 4577.53/3942; an F-test probability is ∼ 4 × 10 −18 , which verifies the validity of introducing the new free parameter X CO . The difference in χ 2 between the residual maps obtained from equations (4) and (5) is shown together with the contours of N(H) I in figure 8a , where we can recognize that changing X CO of the I-component does work to improve the fitting.
The resultant A V /N(H) and X CO are shown as model B in table 1. Yet, the fit is still marginally acceptable for a 90% confidence level. Thus, we also allow the X CO factor of the D-component to vary as well. As a result, χ 2 /dof is reduced to 4566.18/3941, and F-test probability is ∼ 2 × 10 −3 , again indicating the validity of introducing the new free parameter X CO of the D-component. Figure 8b shows the difference in χ 2 between the residual maps before and after allowing the X CO factor of the D-component to vary, together with the contours of N(H) D .
Here, again, we can recognize that changing X CO of the D-component does work to improve the fitting. The fitting results are summarized as model C in table 1. Furthermore we try the linear regression setting X CO of the L-component to be a free parameter, however, χ 2 /dof and F-test probability are 4566.16/3940 and 0.89, respectively, indicating that introducing the new free parameter X CO of the L-component is not statistically required. The results of the linear regression are shown as model D in table 1, where we can recognize that the best-fit X CO factor of the L-component is consistent with the fixed X CO factor. In the following discussion, we use the results of model C in table 1. The residual map after subtracting the best-fit A V map from the observed A V map is shown in figure 8c , and the reduced χ 2 is 1.16. Hence we successfully /10 −22 0.70 ± 0.06 1.50 ± 0.11 0.82 ± 0.08 in the LMC as suggested by Fukui et al. (2017) . H I ridge region is about 2 times higher than that in the stellar bar region, and concluded that the gases in the LMC H I ridge region are contaminated with an inflow gas from the SMC.
It should be noted that we for the first time evaluate the dust/gas ratios of the L-, I-, and D-components separately in the H I ridge region. In our result, A V /N(H) of the L-component is 2 times lower than that of the other components. Thus, we clearly demonstrate that the low metallicity gas is actually present in the H I ridge region.
In order to estimate the effect of the uncertainties of X CO , we mask the region in our dust extinction map where W CO > 1.2 K km s −1 corresponding to the 3σ noise level of the CO detection (Fukui et al. 2008) , and perform the linear regression using equation (4) does not affect the above conclusion.
CO-to-H 2 conversion factor
We also find difference in the X CO factors between the L-and the other components (see table 1 ). X CO is known to be dependent on the metallicity (Bolatto et al. 2013 ). In the low-metallicity environments, CO is photodissociated by ultraviolet photons due to the lack of dust shielding. Thus, less CO emission traces the H 2 column density, leading to a higher X CO factor. Our result suggests that the X CO factor of the L-component is higher than those of the other components, which implies that the gas of the L-component has lower metallicity.
However, the X CO factor of the D-component (i.e, the LMC disk) derived from our analysis is smaller than those derived from a virial analysis (e.g., X CO ∼ 7 × 10 20 , Fukui et al. 2008 ; X CO ∼ 4 × 10 20 , Israel et al. 2003; Hughes et al. 2010 ). As mentioned above, CO is photodissociated in low-metallicity environments, which results in a higher X CO factor. Pineda et al. (2017) correct this effect, and show that the X CO factors in the LMC and the SMC are 2.9 × 10 20 and 7.6 × 10 20 cm −2 /(K km s −1 ), respectively. The X CO factor of the D-component is consistent with that of the LMC. Thus, the discrepancy between the extinction-based and viral massbased estimates of X CO is possibly caused by the photodissociation of CO. The X CO factor of the L-component is similar to that of the SMC, which is also consistent with the scenario that the L-component is of the origin of an inflow gas from the SMC.
Geometry of the gas
We obtain the best-fit free parameter y 0 of 147 ± 25 pix corresponding to δ J2000.0 = −70.
• 8±0.
• 2 at α J2000.0 =87.
• 4. This implies that the L-component is located in front of the LMC disk above the boundary denoted by the red horizontal line in figure 8c . We evaluate the appropriateness of this boundary position, referring to the position-velocity diagram in figure 2 of Fukui et al. (2017) , where the integrated range in R.A. is from 86.
• 69 to 87.
• 41. In their position-velocity diagram, the several bridge features can be seen at δ J2000.0 = −68.
• 8 to −70.
• 5, which are the evidence for interactions between the L-and D-components. Our boundary position of δ J2000.0 = −70.
• 2 is consistent with the position where the bridge features appear, which supports the collision between the L-and D-components. Considering the illustrative geometry of the gas shown in figure 7 , the gases of the L-and I-components are expected to be located in front of the stars in the LMC disk. Therefore, we can evaluate A V /N(H) of both components reliably, whereas A V /N(H) of the D-component has the uncertainties caused by the positional relationship between the stars in the LMC disk and the gas of the D-component.
As a whole, we for the first time evaluate A V /N(H) of the L-, I-and D-components separately in the H I ridge region, and in particular estimate A V /N(H) of the L-and I-components reliably based on the 3-D geometry of the gas expected from the velocity-resolved observations of Fukui et al. (2017) and the comparison of A V and N(H) in this paper. Both A V /N(H) and X CO of the L-component consistently suggest that the gas of the L-component is of the origin of an inflow gas from the SMC.
Conclusion
We create a new dust extinction map of the LMC in the H I ridge region, using the IRSF data with the updated calibration. We compare the dust extinction with the multiple cloud components of different velocities recently revealed by Fukui et al. (2017) , and evaluate the dust/gas ratio, A V /N(H), of the different velocity components. Our main results are as follows:
1. the dust extinction map derived from the near-IR color excess correlates well with the N(H) map obtained from the CO and H I observations. The spatial resolution of our IRSF extinction map is improved by a factor of 2, as compared to the previous extinction map from the 2MASS near-IR color excess presented by Dobashi et al. (2008) .
2. A V /N(H) of the L-component is significantly lower than those of the other velocity components and is consistent with that of the SMC, while A V /N(H) of the I-and D-components are consistent with that of the LMC (Pineda et al. 2017 ). This result suggests that the low-metallicity gas from the SMC may be contaminated in the LMC H I ridge region, which supports the numerical simulation by Bekki & Chiba (2007) and is consistent with the observational fact that W (H I)/τ 353 in the H I ridge region is higher than that outside the H I ridge region (Fukui et al. 2017 ).
3. The X CO factor of the L-component is higher than those of the other components and is similar to that of the SMC, while the X CO factors of the I-and D-components are consistent with that of the LMC (Pineda et al. 2017 ). This result also favors the scenario that the L-component originates from the low-metallicity gas from the SMC.
As a whole, our results are likely to support the scenario that the gas in the H I ridge region is contaminated with an inflow gas from the SMC with a geometry consistent with the on-going collision between the two velocity cloud components.
